Ineffective mutants of Rhizobium leguminosarum were isolated at a frequency of about 3 % following mutagenesis of an effective parental strain. Two mutants were temperature sensitive; they were ineffective at 26 "C but were effective at 13 "C. The morphologies of the nodules formed by these two mutants at 26 "C were different from each other and from normal nodules. Temperature-shift experiments using nodulated plants also indicated that the mutants had different properties.
I N T R O D U C T I O N
Genetic studies of the interactions between Rhizobium species and leguminous plants aimed at elucidating the role of each member of the partnership in the formation of nitrogenfixing root nodules have been hampered by a dearth of symbiotically defective plant or bacterial mutants. No techniques exist for readily isolating plant mutants though it should be possible to isolate bacterial mutants. Strains that are unable to fix nitrogen (ineffective) can be isolated from nodules in the field, but few have been maintained in culture collections and they are likely to be of limited value for genetic studies because they cannot be compared with effective parental strains.
Symbiotically defective mutants have been isolated indirectly : some auxotrophs (Schwinghamer, 1969; DhariC, Truchet & Bergeron, 1976) and some mutants resistant to bacteriophages (Kleczkowska, I 950), antimetabolites (Schwinghamer, I 968) and antibiotics (Schwinghamer, 1964; MacKenzie & Jordan, I 970) are either non-infective or ineffective. However, such mutants are likely to be pleiotropic and the symbiotic defect may be a trivial consequence of the selected phenotype. Also, all those classes of symbiotically defective mutants which do not give such phenotypes will not be isolated.
To overcome these limitations we have looked directly for symbiotically defective mutants among the survivors of an N-methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis (Beringer, 1974) of an effective strain. This paper describes the properties of two such mutants of Rh izobium leguminosar urn.
METHODS
Bacterial strain. Rhizobium leguminosarum strain 603 is a phenylalanine-requiring derivaGrowth media. The media used for the culture of R. leguminosarum and the nitrogen-free Nodulation test. Peas, (Pisum sativum) var. Wisconsin Perfection, were inoculated and tive of strain 300 (Johnston & Beringer, 1975) . It forms effective nodules on peas.
salts media for the growth of peas have been described (Beringer, 1974 Perfection peas under our conditions and it allowed the potential for the isolation of temperature-sensitive mutants.) Plants were examined for nodule formation after 4 to 5 weeks and the whole root systems were assayed for acetylene reduction at the temperature at which the plants were growing as a measure of nitrogenase activity (Johnston & Beringer, 1975 ).
Strains giving rates of acetylene reduction of less than 5 % of those of control plants inoculated with effective R. leguminosarum were re-tested on four more plants; two were grown at 26 f 2 "C and two at 13 f 2 "C. Electron microscopy of nodules. Nodules were prepared for electron microscopy by cutting them into slices and placing them in a solution of 2-5 % (v/v) glutaraldehyde in 60 mMphosphate buffer containing 0.3 % (w/v) sucrose and 0.14 % (w/v) CaCl, .2H,O (phosphate/ sucrose buffer, pH 7-6). Tubes containing the fixed sample were placed in a vacuum for 5 to 10 min to remove trapped air. The fixative was then replaced and the tissue was incubated overnight at 4 "C. After washing with phosphate/sucrose buffer the tissue was post-fixed (Millonig, 1961) . The sections were examined with a Siemens Elmiskop I A electron microscope.
RESULTS A N D D I S C U S S I O N
Of 196 survivors of the mutagenesis, three were ineffective at 26 "C but not at 13 "C while three more were ineffective at both temperatures (i.e. reduced acetylene at less than I % of the rate of controls). Two strains showing the temperature-sensitive response (7106 and 7155) were studied further in a series of temperature-shift experiments, two plants being sacrificed and assayed for acetylene reduction at each sample time.
Plants inoculated with strain 7155, grown at 13 "C until acetylene-reducing activity was detected and then transferred to 26 "C, were not able to reduce acetylene after 3 days at 26 "C, corresponding with a change in nodule colour from pink to green. Plants moved back to 13 "C after only I or 2 days at 26 "C and assayed 3 days later, could still reduce acetylene at rates comparable to plants maintained at this temperature, indicating a requirement of 48 to 72 h to inactivate the acetylene-reducing ability of the nodules. In plants kept at 26 "C for 5 days before transfer back to 13 "C, it was 6 to 15 days before acetylene reduction was detectable. Resumption of acetylene reduction after 6 days appeared to be due to changes in existing nodules because pink tips appeared on them at this time, while those plants requiring longer than 6 days produced new effective nodules. This difference was probably related to the degree of maturity of the nodules on transfer from 13 to 26 "C; small nodules could grow when transferred back to 13 "C, while plants with normal sized nodules had to produce new ones. The size difference was not correlated with the length of time at 26 "C required before plants ceased to be able to reduce acetylene. Plants inoculated with strain 7106, and grown at 13 "C until acetylene-reducing activity was detectable, continued to reduce acetylene for 16 to 21 days after transfer to 26 "C; there was a gradual decrease in the level of acetylene reduction over this period and a slow conversion of the nodules from pink to green. It was possible that the acetylene-reducing ability of plants nodulated with strain 7106 was inhibited in a comparatively short time at 26 "C but that the effect of this pulse at the higher temperature was not detectable until some time later. To test this, plants were transferred from 13 to 26 "C and maintained at 26 "C for 1 2 days. They were still able to reduce acetylene after this time and when they were moved back to 13 "C and grown for a further I I days at this temperature, normal levels of acetylenereducing activity were found. This indicates that the inhibition of acetylene-reducing activity was insensitive to exposure to 26 "C for as long as 12 days.
Plants were inoculated with strain 7106 and grown at 13 "C until effective nodules had formed. They were then transferred to 26 "C for 16 days after which time no acetylene-reducing activity was detectable. There was no resumption of activity when these plants were returned to 13 "C for 12 days, indicating that the defect in strain 7106 was not immediately reversible on transfer to the permissive temperature. Plants which were grown at 26 "C from the time of inoculation and then transferred to 13 "C at the time when normalsized nodules had formed, required about 15 days at the permissive temperature before acetylene-reducing activity was detectable, as did plants inoculated with strain 7 155.
Control plants inoculated with strain 603 at 13 "C were used to determine whether the transfer from 13 to 26 "C so disturbed the normal nodule that its acetylene-reducing ability was damaged. Plants transferred to 26 "C continued to reduce acetylene at a comparable rate to similar plants at 13 "C; after 14 days at 26 "C no obvious decline in acetylene-reducing ability or greening of the nodules was apparent.
Mature nodules from plants inoculated with the mutants and also with wild-type strains at 13 and 26 "C were sectioned and examined in an electron microscope. Nodules formed by wild-type strains at 13 or 26 "C were indistinguishable. Nodules produced by strain 7155 at 23 or 26 "C were similar to wild-type nodules, though at both temperatures fewer plant cells contained bacteroids. There were many vacuolated plant cells at both temperatures and at 26 "C many of the bacteroids appeared to be partially lysed (Fig. I) . At 13 "C nodules formed by strain 7106 were similar in morphology to those of the wild type, while at 26 "C there appeared to be no release of bacteria from infection threads, and no bacteroids were detectable (Fig. 2) . The plant cells in these nodules were abnormally small and highly vacuolated.
These observations of nodule structure are consistent with the data from the temperatureshift experiments. It would be expected that strain 7106 would continue to be able to reduce acetylene for many days since there would be no reason to assume that pre-existing bacteroids and liberated bacteria could not undergo a normal symbiosis. As plants inoculated with strain 7106 could no longer reduce acetylene after transfer to 26 "C, successive rounds of re-infection of plant cells may be required for continued nodule function.
The relatively high frequency of ineffective mutants found after NTG mutagenesis might indicate that many bacterial genes determine the steps leading to nitrogen fixation and that fewer would be involved in recognition and penetration since no non-infective mutants were found. This may be misleading because of the small sample and because small numbers of infective revertants in the non-infective inoculum may form nodules. Reconstruction experiments (Johnston, unpublished observations) have shown that fewer than 10 wild-type R. Zeguminosarum in the presence of more than zo8 of a non-infective strain were able to nodulate peas. Therefore, a non-infective mutant with a reversion rate greater than I O -~ might not be detected.
The symbiotically defective mutants discussed here are unlikely to have arisen spontaneously because the spontaneous loss of effectiveness in our R. Zeguminosarum isolates has not been observed (frequency less than 0.5 %). These results indicate that, as expected, symbiotically defective mutants of Rhizobium can be obtained after mutagenesis. Furthermore, in R. Zeguminosarum the frequency of occurrence of such mutants was similar to that for auxotrophic mutants and it was possible to obtain conditional mutants.
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